We investigate the magnetic dipole coupling between a metallic surface and an atom in a thermal state, ground state and excited hyperfine state. This interaction results in a repulsive correction and -unlike the electrical dipole contribution -depends sensitively on the Ohmic dissipation in the material.
Introduction
Exact knowledge of the Casimir-Polder interaction between an atom and a conducting surface is rapidly becoming important in modern microtrap experiments (atom chips), whose stability is limited by an attractive potential well at sub-micron distances. We investigate here the magnetic dipole contribution to the atom-surface interaction and find it to be repulsive for atoms prepared in certain states. The magnetic Casimir-Polder potential differs greatly from its electrical counterpart, on which previous research has concentrated. Above all, the much smaller transition frequencies lead to a stronger dependence on temperature and the Ohmic dissipation in the material. This results in a strong suppression at distances above the thermal wavelength which is absent in the case of the plasma and, more generally, in superconductors.
The fundamental quantity calculated in this work is the free energy of the magnetic dipole interaction between an atom and a planar surface. For an atom prepared in a state |a the free energy is given by the expression 1,2 † Present address: Theoretical Division, MSB213, Los Alamos National Laboratory, Los Alamos, NM87545, USA.
where ξ n = 2πnk B T / are the Matsubara frequencies and the term n = 0 comes with a weight 1 2 in the primed sum. The second (resonant) term involves the mean thermal photon number n(ω) and the magnetic transition dipole matrix µ. The state-specific polarizability is
while H is the magnetic Green tensor
(3) Here, µ 0 is the vacuum permeability, k is the in plane wave vector,xx, yŷ,ẑẑ are the cartesian dyadic products, and
are taken here for a local, isotropic and nonmagnetic (µ(ω) = 1) medium. All information about the optical properties and the Ohmic dissipation in the surface is then encoded in the dielectric function ε(ω). We will consider a Drude metal
with plasma frequency ω p and dissipation rate γ > 0, independent of temperature. In the dissipationless plasma model, we get ε pl (ω) by setting γ = 0. It can be read as the limiting case of a superconductor 5 well below the transition temperature. For a more thorough discussion of Casimir(-Polder) effects in superconductors, see Refs.6,7.
Casimir-Polder potential in global equilibrium
For an atom in a thermal state, the polarizability Eq.(2) must be averaged over thermal state occupation numbers. For a two-level system with transition frequency Ω m , this yields
in terms of the ground state polarizability [Eq. (2) with a = g]. In thermal equilibrium, Eq.(1) reduces to A plasma (superconductor) shields static magnetic fields (Meißner-Ochsenfeld effect, H(L, 0) = 0), leading to an enhanced interaction energy at nonzero temperature. The linear dependence on T of the zeroth Matsubara term in Eq. (5) cancels with the thermal polarizability (4) for ω ab ≪ k B T . Only around this (quite low) temperature, there are any thermal effects. 7 The close coincidence between the thermal and the T = 0 potentials at small distances can be understood from the low-frequency behaviour of the Green tensor, see Ref. 7 where also the dashed asymptotes of Fig. 1 are discussed. 
Casimir-Polder potential for nonthermal states
Many experimental settings involve atoms prepared in a special state rather than in thermal equilibrium with the environment. We consider a two-level atom prepared in the ground state as an example for an ultracold gas. The assumption k B T ≫ |ω ba | is quite realistic for most temperatures, and now the resonant part of Eq. (1) contributes, too, and the free energy becomes
At the temperatures considered, the first line (without the n = 0 term) is nearly identical for the plasma and Drude model. Anyway, the second line is not. In the Drude model H(L, 0) = 0, but the remaining resonant part is significant in the non-retarded regime. It actually changes the sign of the Casimir-Polder potential already at short distances, as soon as k B T Ω m , see Fig. 2 (left) . This leads to an attractive potential well of approximately 0.02 pK [environmental temperature T = 1 K] at distances below 1 µm, possibly accessible to quantum reflection experiments. 8 If we consider an atom prepared in an excited state (e.g. another hyperfine state), the interaction changes sign globally, because of the transition energies ω ab < 0 in the polarizability (2) .
In contrast, the magnetic coupling to a plasma is entirely repulsive at small distances (Fig. 2, right) . Here, the second line of Eq.(6) nearly vanishes because H xx (L, ω) is approximately independent of frequency, at least in the non-retarded regime. Hence, the zeroth Matsubara term is removed from the Casimir-Polder potential and the next order in the expansion of the occupation number n(Ω m ) ≈ k B T / Ω m − 1 2 gives the leading contribution to the resonant term. In the non-retarded regime this restores the T = 0 behaviour (cf. right panels of Figs. 1 and 2 ). At larger distances (retarded regime) the resonant term becomes dominant and oscillates with distance. A scheme to enhance these oscillations for the electric CasimirPolder interaction has been recently proposed, using rovibrational states of polar molecules.
Discussion
At experimentally relevant temperatures, the magnetic Casimir-Polder interaction shows much richer effects than its electric counterpart. This is because the electric dipole coupling is dominated by electric fields which in all conductors are screened by surface charges at large scales. This masks any difference between a normal metal and a superconductor (or the plasma model). Differently, the boundary conditions for magnetic fields, relevant for the magnetic dipole, depend on surface currents and hence on Ohmic dissipation. We have seen that including dissipation in the surface response leads to the thermal decoupling of the atom at distances beyond the thermal wavelength. For atoms prepared in a nonthermal state, the balance between repulsive and attractive contributions can produce local extrema, whose sign is controlled by the atomic (hyperfine) state. Experimental tests of the Casimir-Polder interaction may also answer remaining open questions on the temperature dependence of the Casimir interaction, offering the advantage of a well-defined system that can be handled with high precision.
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